We describe a microfluidic cell culture and monitoring system that temporally controls molecule concentrations around cells cultured in a small space. The simple system consists of three syringe pumps and a microfluidic device with two inlet ports and two outlet ports. Each syringe pump discharges or draws culture medium, solutions containing signal molecules, or cell suspensions through a port in a programmed flow rate sequence. Signal molecule solutions of differing concentration are merged in a microchannel, mixed immediately, and transported into the cell culture chamber.
Introduction
Processes in the cellular microenvironment are highly time-dependent due to the presence of soluble factors such as cytokines, hormones, growth factors, and neurotransmitters, the concentrations of which change dynamically. Recent studies have reported that some biological information is encoded in the temporal profiles of soluble factor concentrations in vivo for cell-cell communication [1] [2] [3] [4] [5] . For example, hepatocellular metabolism is regulated by temporal changes in extracellular insulin concentrations 6, 7 .
Elucidating the relationships between dynamic extracellular stimuli and resulting cellular responses is a key to understanding the dynamics of intracellular signaling mechanisms.
In vitro cell culture is a key technology used to monitor cellular responses to dynamic changes in the chemical environment, as it enables precise control of environmental conditions. In order to deepen understanding of cellular dynamics, an in vitro technique to accurately produce variations in temporal patterns of soluble factor concentrations is needed. Unfortunately, conventional cell culture methods based on pipetting and traditional plastic culture ware are not well-suited to producing temporal changes in concentration with a high degree of accuracy. Also, controlling environmental conditions while imaging the responses of live cells is difficult using conventional cell culture methods. Therefore, this study focused on the development of a cell culture system that enables both automatic perfusion and flexible stimulus control to facilitate quantitative investigations of the mechanisms of encoding/decoding systems (which we denote "temporal coding") via signaling pathways.
Microfluidics, a set of technologies that enable fabrication of micro-scale structures and handling of microscopic fluid flows, holds tremendous promise for advancing biological research. The unique characteristics of microfluidics, such as fine geometric patterns, laminar liquid flow, and mixing purely based on diffusion, provides a diverse range of fluidic control strategies. A number of methods have recently been developed that enable modulation of the extracellular environment via dynamic control of the concentration of signal molecule [8] [9] [10] [11] [12] [13] [14] [15] [16] .
In order to generate temporal variation of signal molecule concentration around cells, a typical microfluidic system delivers a solution containing the molecule of interest and a diluent into a mixing channel, where they are mixed to homogeneity via molecular diffusion prior to delivery to the cells. To produce patterns of temporal variation in concentration, the mixing ratio of the two solutions is varied with time while maintaining a constant total flow rate. Several reports have described cell culture devices that enable the generation of multiple types of waveforms of glucose concentration, such as square, triangular, and sinusoidal waves [17] [18] [19] [20] . In these devices, the molecule of interest and a diluent are pumped into a mixing channel by sequentially switching a series of on-chip diaphragm valves. The flow rate ratio of the two solutions is accurately controlled by careful and precise operation of the valves. More elaborate techniques have also been developed to produce temporal waveforms. For example, pulse code modulation was used to produce automated temporal changes in the concentrations of stimulants 13, [21] [22] [23] . In their technique, off-chip pumps deliver the stimulant and a diluent to a microfluidic device. A series of on-chip valves pulsate the streams of the two solutions at given durations and a specified number of duty cycles in a mixing channel, which accelerates longitudinal diffusion. The concentration of stimulant can be regulated by changing the duration and number of duty cycles. This work aimed to develop a microfluidic cell culture system employing a straightforward method to produce patterns of signal molecule concentration that vary over time. The system described is composed of three main components: 1) a disposable microfluidic device, 2) high-precision syringe pumps for concentration control and cell/reagent introduction, and 3) a universal fluidic interface linking the syringe pumps to the device. The developed system is capable of producing different types of concentration waveforms (e.g., step, triangular, and rectangular) and precisely regulating slope of those waveforms. For example, a gradual slope is necessary for a triangular wave gradient, whereas step or rectangular waves require steep rises and falls.
To meet these requirements, the microchannel geometry was designed based on hydrodynamics. A microfluidic device was then manufactured using a standard microfabrication process called softlithography. A prototype of the microfluidic cell culture system was constructed by assembling the developed microfluidic device, highprecision syringe pumps, and other components. The developed system enables visualization of fluid flow in the microfluidic device by incorporating a fluorescent dye into the medium as a visible substitute for molecules of interest, and the concentration can be measured in the cell culture chamber.
The developed cell culture system was applied to the measurement of 
Experimental Design and fabrication
The developed microfluidic cell culture system is illustrated in Figure 1 . The system consists of a simple PDMS/glass microfluidic device and three syringe pumps (MFS-SP1, Microfluidic Systems Works Inc.), each of which is equipped with a glass syringe (gastight syringe 1001RN 1.0 mL, Hamilton Company) (Fig. 1a) . represents the time required for the molecules to pass through the mixing channel with the fluid flow. Therefore, for perfect mixing, the dimensions of the mixing channel must satisfy the following condition:
According to this theoretical analysis, the above-described mixing channel can homogeneously mix molecules with a diffusion coefficient of
Another significant hydrodynamic function of the developed microfluidic device is to prevent backflow at the Y-shaped junction from the mixing channel. For this purpose, the two merging channels at the junction were designed to have higher hydraulic resistance than the mixing channel by reducing their width. Both merging channels have the same cross section (W20 µm ൈ H100 µm) and length (31 mm). The hydraulic resistance of each merging channel was estimated as 7.0 kPa, which is high enough to prevent backflow from the mixing channel, given that its hydraulic resistance is 2.2 kPa.
The microfluidic device was fabricated by softlithography using a negative photoresist and replica molding (Fig. 1c) . The microchannel pattern was drawn using AUTOCAD (Autodesk Inc.) and printed on a Cr glass blank mask (Clean Surface Technology Co., Ltd.) at high resolution (minimum line and space < 1 µm) using a laser maskless lithography system (DWL40, Heidelberg Instruments Mikrotechnik GmbH).
To develop high-aspect-ratio structures, KMPR 1035 photoresist (MicroChem Corp.)
was directly spin-coated on the Cr surface of the printed mask to 100-µm thickness. The photoresist layer was exposed to UV light from the glass surface of the mask. After development of the KMPR1035 mold, PDMS (polydimethylsiloxane; Silpot184, Dow
Corning Toray Co., Ltd.) was cast to a thickness of 2 mm, cured at 75°C for 1.5 h, and then permanently bonded to a slide glass (Matsunami Glass Ind., Ltd.) by irradiation of oxygen plasma using a reactive ion etching system (RIE 10NR, Samco, Inc.). A pair of PDMS blocks with two access holes for connection to the microfluidic interface modules were made by PDMS casting and bonded to the inlet and outlet ports of the fabricated microfluidic device after oxygen plasma treatment. The device was heated at 75°C for 30 min to ensure the strength of bonding. A pair of universal fluidic interfaces was set on the inlet and outlet ports of the microfluidic device to link the syringe pumps to the device (Fig. 1d ).
Concentration regulation
The 
Cell stimulation and analysis
In order to verify the performance of the developed cell culture system for studying cellular responses to dynamically changing chemical environments, changes in 
Image processing
Quantitative image processing was used to extract single-cell responses from fluorescence live-cell imaging data. Based on the Otsu binarization method, we distinguished the cell region from the background region 31 . The average luminance value of the target cell area was taken as the cell response. The above image processing algorithm was performed using Cell Profiler software 32 .
Hierarchical clustering
We performed hierarchical clustering of single-cell response data for ATP pulse stimulation (Fig. 7a ). An M-by-N data matrix composed of N time points of M singlecell responses was normalized by scaling the variation to 1 in the row direction and averaging to 0 in both the row and column directions using the following equation:
, where si⋅, xij, and xi′j represent the SD in the ith row of the raw matrix, the element of the raw matrix in the ith row and jth column, and the element of the normalized matrix in the ith row and jth column, respectively. We then implemented hierarchical clustering using the Euclidean distance for calculation of the intracluster distances and Ward's method for calculation of the intercluster distances. 
Results and discussion

Verification of mixing uniformity
The uniformity of mixing in the channel on the microfluidic device was verified by measuring the concentration of a fluorescent dye (FITC I dextran, 70 kDa) in the cell culture chamber. The CVs in the ROI of the cell culture chamber were measured for different flow rate ratios and are plotted in Figure 3 . The CVs of the standard solutions, which were homogeneously premixed, were also measured and plotted on the same graph for each mixing ratio for reference. Over the entire range of mixing ratios, the measured CVs were <0.1, which is often used as the threshold for determining whether a solution is well mixed 29 . Likewise, the CVs of the solutions mixed in the mixing channel were very similar to the CVs of the standard solutions at all flow rate ratios.
A well-mixed solution should ideally result in a CV = 0 due to no variation in concentration across the ROI. However, the CVs of the standard solutions were not zero, because the current measurement system has a limited digital imaging resolution, resulting in noise in the captured images. Therefore, it is reasonable to conclude that the . The dye concentration can be derived from the measured fluorescence intensity using this equation and associated constants.
Two primary types of concentration waveforms (rectangular and triangular waves) were formed and measured in the cell culture chamber to demonstrate the performance of the developed system in terms of concentration regulation. Figure 5 shows the flow rate sequences of Pumps A and B and the results of time-series measurements of fluorescent dye concentration. Simple on-off switching of the dye solution and water flows at 90-s intervals allowed the dye concentration in the cell chamber to change periodically between the maximum and minimum values along a rectangular waveform (Fig. 5a ). The time constant required for switching of the concentration was almost 40 s, which remained unchanged when the time interval was extended to 180 s (Fig. 5b) . By gradually changing the flow rate ratio between the dye solution and water flows, the concentration in the cell chamber increased and decreased with a constant gradient along the triangular waveform (Fig. 5c) . The gradient was kept constant when the time period was doubled (Fig. 5d) . In both waveforms, the periodic change in concentration was very stable and highly reproducible for 12 min or longer.
The concentration of dye in the cell chamber responded rapidly to changes in pump parameters and accurately reflected the programmed flow rate sequence. This indicates that the developed system has a remarkable capacity for forming various waveforms of concentration in the cell chamber without any complicated operation of the pumps.
Cell stimulation and analysis
Changes in the Ca 2+ concentration in CHO-K1 cells were measured when the cells were stimulated with ATP using the developed microfluidic cell culture system. When the cells were stimulated by ATP in pulse mode, the intracellular Ca 2+ concentration spiked sharply in response to the rise in ATP concentration and then gradually decreased (Fig. 6c) . Moreover, when the ATP concentration was increased in a stepwise manner, the cells showed several rapid increases intracellular Ca 2+ concentration, in synchronization with the stepwise increases in ATP concentration (Fig.   6d) . Additionally, the peaks of Ca 2+ concentration spike was attenuated step by step.
Although the ATP concentration around CHO-K1 cells was increased to the same level in both the pulse and stepwise stimulations, the cells exhibited different responses to each stimulation. This phenomenon suggests that intracellular Ca (Fig. 7a) . The temporal patterns of Ca 2+ response were classified into four clusters (Fig. 7b) . We evaluated the maximum response value and fold change of each cell response per cluster in order to estimate the response characteristics to the stimulus (Fig. 7c) . These results demonstrated that the developed microfluidic cell culture system is useful for the study of cellular signaling mechanisms and will contribute to investigations on the cellular responses such as intracellular signaling and to other timebased biological analyses of cells. Furthermore, cellular response data for active stimulation is essential for quantitative biology and data driven system biology research 34, 35 . The developed microfluidic device has a potential to greatly contribute to these fields of research.
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